Abstract Postural instability occurs in HIV infection, but quantitative balance tests in conjunction with neuroimaging are lacking. We examined whether infratentorial brain tissue volume would be deficient in nondemented HIVinfected individuals and whether selective tissue deficits would be related to postural stability and psychomotor speed performance. The 123 participants included 28 men and 12 women with HIV infection without dementia or alcohol use disorders, and 40 men and 43 women without medical or psychiatric conditions. Participants completed quantitative balance testing, Digit Symbol test, and a test of finger movement speed and dexterity. An infratentorial brain region, supratentorial ventricular system, and corpus callosum were quantified with MRI-derived atlas-based parcellation, and together with archival DTI-derived fiber tracking of pontocerebellar and internal and external capsule fiber systems, brain measures were correlated with test performance. The tissue ratio of the infratentorium was~3% smaller in the HIV than control group. The HIV group exhibited performance deficits in balancing on one foot, walking toe-to-heel, Digit Symbol substitution task, and time to complete all Digit Symbol grid boxes. Total infratentorial tissue ratio was a significant predictor of balance and Digit Symbol scores. Balance scores did not correlate significantly with ventricular volumes, callosal size, or internal or external capsule fiber integrity but did so with indices of pontocerebellar tract integrity. HIV-infected individuals specifically recruited to be without complications from alcohol use disorders had pontocerebellar tissue volume deficits with functional ramifications. Postural stability and psychomotor speed were impaired and attributable, at least in part, to compromised infratentorial brain systems.
Introduction
Human immunodeficiency virus (HIV) infection causes mild to severe impairment of cognitive and motor abilities in about one-third of people infected (for reviews Cysique and Brew 2009; Ellis et al. 2009; Woods et al. 2009 ). Thesequences for activities of everyday living can be insidious and disruptive (Gorman et al. 2009 ), underscoring the relevance of their detection with quantitative assessment and identification of their neural underpinnings through in vivo neuroimaging examination.
Prominent in the constellation of compromised function are movement disorders (e.g., Mattos et al. 2002; Nath et al. 1987 ) involving signs of extrapyramidal dysfunction manifest as slowed psychomotor speed, impaired manual dexterity (e.g., Fama et al. 2007; Gorman et al. 2009; Heaton et al. 1995; Maki et al. 2009; Sacktor et al. 2003; Sassoon et al. 2007; Woods et al. 2009 ), and disturbance of gait and balance (e.g., Fama et al. 2007 ; Robertson et al. 2006) . Motor slowing has been attributed, for example, to disturbance of frontostriatal systems, affected early in the course of HIV infection (Chang et al. 2000; Paul et al. 2007; Sclar et al. 2000; von Giesen et al. 2001 ), or to diffuse white matter abnormalities, noted as hyperintense signal on MRI (Archibald et al. 2004; Ernst et al. 1999; Heindel et al. 1994) . Commonly, however, the attribution of functional impairment to a specific brain abnormality is assumed but not directly tested within the same study. Examples of exceptions are two DTI fiber tracking studies: the first reported a relation between compromise of callosal fibers of the splenium but not genu as selectively correlating with tests of finger speed and dexterity in HIV-infected individuals ); the second derived global fractional anisotropy tractography maps in HIV-infected individuals and found that lower anisotropy, an index of compromised fiber microstructure, correlated with poorer scores on a number of measures of cognitive and motor functions, including finger tapping rates and speed of switching attentional focus (Tate et al. 2010) .
Disturbance of gait and balance is recognized as a feature of HIV-related motor compromise and was initially noted in case series (Castellanos et al. 1994; Graus et al. 1990; Yebra et al. 1988) . Studies of static posturography using a force platform revealed longer sway paths in~25% of asymptomatic HIV patients compared with uninfected controls, although the authors discounted the clinical relevance of this finding (Arendt et al. 1994) . In contrast with this conclusion, another study examined postural reflexes in response to force platform perturbation and found that neurologically intact HIV-infected patients displayed normal postural reflexes when responding to predictable but not to unpredictable perturbations to stability; these authors considered this abnormality as a precursor of more serious postural stability problems with advancing involvement of frontostriatal dysfunction (Beckley et al. 1998 ; also see Dellepiane et al. 2005) . This interpretation was consistent with the observation that the incidence of postural instability measured as sway during quiet standing increased in advanced stages of infection (Trenkwalder et al. 1992) .
To meet the challenge of simple quantitative assessment without extensive physiological recording systems of gait, at least in terms of velocity, the Timed Gait test was developed, requiring patients to walk a prescribed distance quickly (Price and Sidtis 1993) . A large-scale study (N= 1,549) using the Time Gait test found a systematic relation between slowed gait and increasing HIV dementia stage (Robertson et al. 2006) . Using another simple yet quantitative test of balance, we observed a deficit of one standard deviation in nondemented HIV-infected men as they attempted to balance on one foot with their eyes open . The fact that these HIV-infected men were not demented underscores the utility of quantitative assessment in identifying specific deficits in asymptomatic patients. A multi-site, longitudinal exploration of HIV dementia revealed progressive worsening of motor signs of gait instability, slurred speech, and clumsiness along with cerebellar atrophy noted on MRI or CT, and ultimately neuropathological evidence of granular cell layer degeneration of the cerebellum and axonal swelling of the brain stem (Tagliati et al. 1998) . Nonetheless, quantitative, controlled investigation of postural stability with concurrently collected MRI assessment of the condition of the cerebellum or pons is lacking in groups of nondemented HIV-infected individuals. Also lacking are studies that have explicitly selected HIV infected groups to be without history of alcohol use disorder, which is a highly prevalent concomitant of HIV infection (Galvan et al. 2002; Samet et al. 2007 ) and a common source of ataxia associated with cerebellar and other brainstem pathology (for review, Sullivan et al. 2010a) . A recent structural MRI study found small but reliable volume deficits of 3-6% in the vermis of an HIV-infected group compared with a healthy control group (Klunder et al. 2008) . Although the extent of the posterior vermis shrinkage correlated with severity of depressive symptoms, relations with motor or balance testing were not presented.
Here, we used structural MRI and quantitative tests of postural stability and finger movement and psychomotor speed and dexterity to examine whether an infratentorial brain volume, comprising the pons, cerebellar hemispheres, and vermis, would be marked by regional tissue shrinkage in HIV-infected men and women compared with healthy controls, and whether tissue deficits would be related to functional impairment in postural stability or psychomotor speed. As a further test of the selectivity of a pontocerebellar substrate of postural instability and psychomotor slowing, we sought correlations between these motor measures and previously reported regional brain volumes of the ventricular system and corpus callosum (Pfefferbaum et al. 2006 ) and white matter fiber integrity status of the internal and external capsules, pontocerebellar tracts, and cerebellar hemisphere fibers . Because alcohol use disorders are highly prevalent in HIVinfected individuals (Galvan et al. 2002; Samet et al. 2007) and because alcohol abuse exerts a deleterious effect on gait, balance, and cerebellar integrity (Harper and Kril 1990; Sullivan et al. 2000; Sullivan et al. 2010b; Victor et al. 1989) , the HIV-infected group was selected to be free of alcohol use disorder.
Methods

Subjects
Participants included 28 men and 12 women (mean age 41 years) with HIV infection; controls included 40 men and 43 women (mean age 44 years) without medical or psychiatric conditions. Motor data from smaller samples of these groups appeared in other publications Sullivan et al. 2010b) , and MRI data of the control group were used in another study (Sullivan et al. 2010b) .
Means±standard deviations (S.D.) of demographic variables for the control and HIV-infected men and women are presented in Table 1 as are the statistical results of the group comparisons on these variables. On average, the groups had about two or more years of post-high school education, although the HIV-infected men and women had significantly fewer years of education than the controls. The groups did not differ significantly, however, in socioeconomic status (Hollingshead 1975) , handedness (Crovitz and Zener 1962) , or body mass index (Table 1 ). The HIV-infected group endorsed more depressive symptoms on the Beck Depression Inventory II (Beck et al. 1996) , had lower Global Assessment of Functioning taken from the SCID interview, and had a higher incidence of smoking than controls. On average, the estimated HIV infection onset occurred in their 30 s for men and women; no participant scored below 80 on the Karnofsky scale (Karnofsky 1949) , and all but 3 scored 90 or 100. Of the 28 HIV-infected men, 8 had had an AIDSdefining event (CD4+ count < 200 or AIDS-related infection), and 2 of the 12 women had such a history (sex-by-diagnosis χ 2 =.159, n.s.). Medication status was characterized as HAART (N=25) [e.g., two nucleoside reverse transcriptase inhibitors (NRTIs) and a protease inhibitor, or two NRTIs and a nonnucleoside reverse transcriptase inhibitor (NNRTI)], non-HAART (N=6), or none (N=9).
As determined from the SCID interview and a time-back calendar history of alcohol drinking, none of the subjects had a history of alcohol dependence or abuse, none of these subjects drank even near an alcoholic level (>80 g alcohol daily for men and >60 g daily for women for at least 30 days). Consumption of 80 g/day of alcohol in men, the equivalent of 6 standard drinks, has been widely identified as a cut-off for greatly increased risk of developing liver disease (Savolainen et al. 1993 ) and various forms of p≤.01 required for statistical significance cancer. The lower level for women (for body weight and fat:water content) of 60 g or 4.5 drinks a day recognizes the greater sensitivity of women than men to alcohol. More recent cut-offs provided by NIAAA for at-risk or harmful drinking are more than 4 drinks on any day or 14 per week for men and more than 3 drinks on any day or 7 per week for women <http://rethinkingdrinking.niaaa.nih.gov>. None of the patients or controls reported drinking at that level over a sustained period.
To determine whether HIV-infected participants met criteria for HIV-associated neurocognitive disorder (HAND) (Antinori et al. 2007; Woods et al. 2009 ) or for AIDS Dementia Complex (ADC) Stage 1 or beyond (Brew 1999) , we used the computer-based MicroCog neuropsychological test battery (Powell et al. 1993 ) to assess attention (digits forward and backward), working memory (alphabet tracking, math computation), and episodic memory (immediate and delayed recall of stories); in addition, language was assessed with letter fluency (FAS) (Benton and Hamsher 1976) , and psychomotor speed was assessed with Digit Symbol Substitution test (Wechsler 1981) and alternated finger tapping (Sullivan et al. 2001) . MicroCog scores were available for 37 and FAS and Digit Symbol scores were available for 38 participants; scores for each measure were adjusted for age and education based on our laboratory controls. The HIV -infected group performed within 1 SD on all measures. Consideration of individual performance indicated that no HIV-infected patient achieved scores below 2 SD of the control mean on 2 functional domains, although one HIV-infected man had a fluency score of −2.075 and an HIV-infected woman had an alternated finger tapping score of −2.05. No HIV-infected participant was unable to perform activities of daily living. Of those with these cognitive and motor scores, none met criteria for HAND as determined with these measures, and no participant was at ADC Stage 1 or beyond.
MRI acquisition protocol
MR imaging was conducted on a General Electric (Waukesha, MI) 1.5 T whole body clinical system. Images used for quantification were acquired with a volumetric SPoiled Gradient Recalled (SPGR) sequence (94, 2 mm thick slices; TR/TE=25/5 ms, flip angle=30°, matrix=256×192) for morphometry and a late-echo fast spin-echo (FSE) sequence (94, 2 mm thick slices; TR/TE=11050/98 ms, matrix=256× 192) for automated fluid-tissue delineation. Before any participant was included in the study, their images were read by a clinical neuroradiologist to identify space occupying lesions or other dysmorphology indicative of neuropathology that could interfere with morphometric analysis. In addition, all images were reviewed to identify studies of quality too poor for quantification. Any participants showing dysmorphology or poor scan quality were excluded from this analysis.
MRI quantification of infratentorial tissue volume
A structural mask of cerebellum and pons was defined on the SRI24 atlas (Rohlfing et al. 2010) [http://nitrc.org/ projects/sri24/] by manual outlining. This mask was propagated to the FSE images of all subjects via registrations from the SRI24 atlas to the subject SPGR images, concatenated with the transformation from the subject SPGR to subject FSE image space. The resulting subjectspace masks were then used to extract cerebellum and pons from each subject. The extracted cerebellum and pons FSE data for 66 normal controls were then used to construct a study-specific high-resolution template of pons and cerebellum for further analysis. To this end, the 66 pons and cerebellum images were co-registered using the same template-free group-wise registration algorithm that we previously applied to generate the SRI24 whole-brain atlas (Rohlfing et al. 2010 ). This software is made available as part of the Computational Morphometry Toolkit (CMTK) [http://nitrc.org/projects/cmtk/].
The resulting template, which had a resolution of 0.9375 mm isotropic pixel size, was used for manual delineation of the borders of the infratentorial volume, which included the pons, cerebellar hemispheres, vermis, and CSFfilled fissures, cisterns, and fourth ventricle. Further manual delineation divided the vermis into three regions (anterior, posterior, and inferior sectors) on 9 midsagittal slices (Fig. 1) .
Each subject's extracted pons and cerebellum FSE image was finally registered via nonrigid image registration (Rohlfing and Maurer 2003) to the study-specific template, and the registration transformation was used to project the infratentorial and vermis masks from the template back into each subject's native space for fluid-tissue segmentation. Computation and application of the registration transformations were done using inhouse software, which is also available as part of the CMTK software package.
To reduce differences attributable to individual variability in intracranial volumes, especially between men and women, regional tissue volumes were expressed as ratios (or percentages) of the amount of tissue to tissue plus CSF in each region of interest, i.e., [tissue/(tissue+CSF)] of the region.
Volumetry of the ventricular system and corpus callosum These acquisition and analysis procedures appear in Pfefferbaum et al. (Pfefferbaum et al. 2006) . In short, these measurements were made using automatic atlas-based parcellation of the aforementioned SPGR images acquired at 1.5 T. To create the parcellation template, the ventricular system and corpus callosum were manually delineated on the SRI24 atlas (Rohlfing et al. 2010 ). The ventricular system was divided into frontal, body, and occipital regions, and the corpus callosum was divided geometrically to correspond to six, anatomically based sectors (after Pandya and Seltzer 1986) . The SRI24 atlas was automatically registered to the SPGR data of each subject using the same nonrigid image registration software also used for registering pons and cerebellum between subjects and atlas. The transformations between subject SPGR data and SRI24 atlas were then applied to the ventricular system and corpus callosum template in SRI24 space to obtain the corresponding segmentations of these structures in each subject. The volumes of each region in each subject were then expressed as standardized Z-scores, corrected for normal variation in intracranial volume and age based on the control group of 121 men and women used in our earlier report (Pfefferbaum et al. 2006 ).
DTI acquisition protocol
The DTI acquisition and fiber tracking analysis procedures appeared previously (Pfefferbaum et al. 2009; Sullivan et al. 2010c ). In short, 1.5 T DTI data were collected contemporaneously with the structural data. Diffusionweighted imaging was performed with the same slice location as the dual-echo FSE described above, using a single shot spin-echo echo-planar imaging technique (47 contiguous, 4 mm thick slices, TR/TE=10,000/103 ms, matrix=128×128, in-plane resolution=1.875 mm 2 , b-value= 860 s/mm 2 ). Diffusion was measured along six non-collinear directions (6 NEX) with alternating signs to minimize the need to account for cross-terms between imaging and diffusion gradients (Bodammer et al. 2004 ). For each slice, six images with no diffusion weighting (b=0 s/mm 2 ) were also acquired.
DTI models water diffusion within each voxel as a zeromean multivariate Gaussian distribution, which is parameterized by its symmetric 3×3 covariance matrix, the diffusion tensor. The diffusion-weighted data measured with respect to each of the diffusion gradient directions exhibits a signal attenuation relative to b=0 data acquired without diffusion gradients. The logarithm of this signal attenuation is a linear combination of the six unique elements of the diffusion tensor, their weights determined by the direction of the diffusion gradients. Computing a least squares solution for this over-determined linear equation system independently at each voxel yielded the elements of the diffusion tensor for that voxel.
DTI fiber tracking
We applied fiber tracking to white matter systems involving motor systems, including the internal and external capsules, pontocerebellar tracts, and cerebellar hemisphere fibers. Fiber tracking was performed with the software by Gerig et al. (2005) based on the method of Mori and colleagues Xue et al. 1999; Xu et al. 2002) . This approach requires the identification of a group of "source" voxels from which streamlines (i.e., fiber tracts) are initiated and propagated throughout the brain following the orientation of the principal eigenvector of the diffusion tensor at each point along the fiber. To describe a particular fiber bundle selectively, a group of "target" voxels is also identified, and only the streamlines that pass through the target are retained. Thus, each identified fiber bundle is required to originate in a source voxel and pass through at least one target voxel. Fiber tract targets were identified on a laboratory standard group average FA image; sources were planes perpendicular to the orientation of the fiber tracts.
The tensor data as well as targets and sources were passed to the fiber tracking routine in native space, thus avoiding the need for tensor field resampling and tensor reorientation. Fiber tracking parameters included white matter extraction threshold (minimum FA) of .17, minimum fiber length of 37.5 mm, maximum fiber length of 187.5 mm, fiber tracking threshold of .125 (terminates a fiber if the vector field in the local neighborhood is too noisy), and angle of maximum deviation of .80 (~37°Δ maximum angle between successive fiber segments).
DTI measures of white matter fiber integrity of striatal and cerebellar motor systems
Examples of the internal and external capsules, pontocerebellar tracts, and cerebellar hemisphere fiber tracts are presented in Fig. 2 . DTI metrics quantifying the condition of the tracts were fractional anisotropy (FA), longitudinal or axial diffusivity (λL), and transverse or radial diffusivity (λT). These measures are computed from the three eigenvalues, λ1≥λ2≥λ3, of the diffusion tensor. FA quantifies the degree to which diffusion exhibits a predominant orientation: the more linear and organized the fibers in a region, the higher the FA. Where diffusion has a preferential orientation, the largest eigenvalue of the diffusion tensor is referred to as longitudinal, or axial, diffusivity (λL=λ1), which has been shown to be an indicator of axonal integrity. The mean of the two smaller eigenvalues of the diffusion tensor is referred to as transverse, or radial, diffusivity (lT ¼ ½l 2 þ l 3 =2), which is considered a marker of myelin integrity (Song et al. 2002; Sun et al. 2006 ). Higher FA and lower diffusivity in white matter are in the direction of higher microstructural integrity. These measures were expressed as standardized Z-scores, corrected for normal variation in age, based on the 120 controls used in our earlier report ).
Motor tests
Test of gait and balance Most participants completed the Walk-a-Line Battery of gait and balance (Fregly et al. 1972) , which consisted of three tasks, each performed first with eyes open and then eyes closed, and always with arms folded across the chest. Each condition was tested twice, unless a perfect score was achieved on the initial trial, in which case the subject received full credit on that condition. The conditions were as follows: Stand Heel-to-Toe for 60 s. (maximum score=120 s.), a measure sensitive to proprioceptive sensitivity of the lower extremities; Walk Heel-to-Toe for 10 steps (maximum score=20 steps); and Stand on One Foot, first the right foot and then the left, each for 30-sec. trials (maximum score=60 s. for each foot).
Digit symbol task This subtest of the Wechsler Adult
Intelligence Scale (Wechsler 1981 ) assesses cognitivemotor speed and required speeded scribing of symbols matched to single-digit numbers. Performance was scored in two ways: number of correct symbols written in boxes in 90 s. and time (in seconds) to complete filling in all 93 boxes ).
Fine finger movement test Subjects turned a knurled rod with their forefinger and thumb, unimanually and then bimanually (Cooper et al. 1991; Corkin et al. 1986 ). Three 30-second trials for each condition were administered. For correlational analyses, we reduced the data to two summary scores: the mean of the left and right unimanual conditions and the mean of the left and right bimanual conditions. Fig. 2 Examples of fiber tracts for the internal capsule, external capsule, pontocerebellar tracts, and cerebellar hemisphere fibers Statistical analysis Regional brain volume ratios and balance testing scores were subjected to a series of two-way (diagnosis-by-sex) analyses of variance (ANOVAs). Follow-up t-tests identified specific group differences in brain metrics or performance. Correlations between regional brain volumes or DTI metrics and balance scores or disease factors were tested with Pearson correlations. Multiple-regression analysis was used to test for specificity of brain structure-function relationships. Given the multiple comparisons, we considered p≤.01 as significant.
Results
Group differences in regional infratentorial volumes
A diagnosis-by-sex ANOVA for the tissue ratio of the total infratentorium yielded a significant group effect (F(1,119) = 6.655, p = .0111) but neither a sex effect (F(1,119) = .434, p = .51) nor group-by-sex interaction (F(1,119)=.589, p=.44). On average, this tissue ratio was~3% smaller in the HIV than control group. A 2 diagnosis-by-3 region analysis of the vermis yielded group (F(1,121)=4.693, p=.0322) and region (F(2,242)= 677.197, p=.0001) effects but no group-by-region interaction (F(2,242)=.495, p=.61), indicating that the volume deficits, which ranged from 3% to 6% in the HIV group, were not disproportionately different across the three vermian sectors from the control group's profile of vermian sector ratios.
Group differences in balance, dexterity, and speeded motor performance
Group differences in performance were examined with diagnosis-by-sex ANOVAs. Descriptive and group statistics are presented in Tests of postural stability In no case was the diagnosis-bysex interaction significant; therefore, only group differences were pursued. Significant group differences were forthcoming on 5 of the 10 balance measures and were most robust for the conditions requiring toe-to-heel walking on a line and standing on the left foot (in this predominantly right-handed subject group). The HIV group was not impaired on the Romberg test (standing heel-to-toe) assessing proprioception. HIV-infected participants were asked for self-reports of peripheral neuropathy, and 39 of the 40 participants provided responses: 7 of 27 men and 2 of 12 women reported such symptoms. In no test condition, however, did self-reported peripheral neuropathy account for HIV-related deficits, nor did it account for deficits in the tests of hand and finger dexterity and speed, described next.
Fine finger movement test Group and sex differences were significant on all four measures, but group-by-sex interactions were not significant. For these measures, the controls were faster than the HIV-infected men and women, and the men were faster than the women, regardless of diagnosis, in turning the dowel either unimanually or bimanually.
Digit symbol test The HIV group scribed significantly fewer symbols in 90 s. and took longer to complete all Digit Symbol grid boxes than controls. Modest diagnosisby-sex interactions were due to the particularly fast scribing by the control women relative to the remaining three groups.
Relation between infratentorial volumes and motor performance in the HIV-infected group
Because of the insubstantial diagnosis-by-sex effects on the primary performance variables, test scores of the men and women were combined in the brain structure-function analyses. Despite lack of correlation with any of the 3 regional vermian volumes, the total infratentorial tissue ratio was a significant predictor of balancing on the left foot with eyes closed (r=.44, p=.0051) and Digit Symbol grid completion time (r=−.40, p=.0097) and showed a trend with Digit Symbol scribing (90 s.) (r=.38, p=.0154) (Fig. 3) .
Tests of selectivity
To test for selectivity of the pontocerebellar volume-motor correlations, the motor test scores were correlated with volume measures of the lateral ventricles and corpus callosum. None of the correlations reached statistical significance (which required p≤.01), even if uncorrected for multiple comparisons. Similar correlations with fiber tracking metrics failed to identify any significant relations between motor scores and internal or external capsule FA or diffusivity metrics. By contrast, shorter time balancing on one foot correlated significantly with higher longitudinal diffusivity in the pontocerebellar tracts (r=−.48, p=.0019) and showed a trend to be related to cerebellar hemisphere tracts (r=−.39, p=.015). Effect of demographic and HIV-related variables on infratentorial volumes and balance scores Multiple-regression analyses eliminated depressive symptom (BDI) scores, CD4+ cell count, viral load, age of HIV onset, duration of HIV infection, smoking status, BMI, and history of an AIDS-defining event as significant independent contributors to the identified bivariate brain structurefunction relations between the total pontocerebellar volume and the three balance and psychomotor measures. Further analysis focusing on one-foot balancing revealed that neither age nor amount of alcohol consumed over a lifetime made a significant independent contribution to the relation between pontocerebellar volume and balance. No correlation between MRI volume ratios and fine finger movement scores even approached significance. Pontocerebellar volume ratios were related to type of antiviral medication the HIV-infected subjects were taking, but neuropsychological test performance was not. The subgroup of HIV-infected patients taking NNRTI (N=14) tended to have smaller pontocerebellar ratios in three of the four regions than those not on NNRTI (N=26). These differences were identified with t-tests, but none met the criterion for significance (total pontocerebellar tissue ratio t(38)=2.582, p=.0138; anterior vermis t(38)=2.24, p=.031; posterior vermis t(38)=2.142, p=.0387; inferior vermis t(38)=1.758, p=.0868).
Discussion
HIV infected individuals specifically recruited to be without complications from alcohol use disorders or clinically evident dementia had pontocerebellar tissue volume deficits with functional ramifications. The most robust findings in both HIV-infected men and women were volume deficits in the combined pons, cerebellar hemispheres, and vermis tissue, expressed as the ratio of their own infratentorial tissue+CSF volume. Functional deficits in motor performance were present in static postural stability and tandem walking, especially when tested with eyes closed, and psychomotor speed and finger dexterity. Quantitative assessment of both brain structure and function enabled a test of their relationship and the novel observation that poorer balance and slower psychomotor performance correlated with smaller pontocerebellar tissue volume ratios in the HIV-infected group. Selectivity of these brain structure-function relations was supported by significant correlations between motor measures and fiber tract integrity of the pontocerebellar system and absence of relations between motor performance and internal or external capsule fiber condition. Further, these relations could not be attributed to the general condition of the brain, as indexed by ventricular volume, which did not correlate with either upper limb speeded or lower limb balancing performance.
Psychomotor slowing has been documented in HIV infection since the initial neuropsychological studies of the disease (Butters et al. 1990 ), but a brain structural substrate for this impairment is typically assumed to be of frontostriatal origin. Postural stability, less often quantitatively tested than cognitive or upper limb performance, was moderately impaired. The performance correlations with smaller infratentorial brain tissue volume suggest a pontocerebellar system substrate for these movement deficits. Other motor systems, notably those involving the basal ganglia, known to be affected by HIV infection (for review, Nath 2010), may contribute as well, although our functionfiber tracking correlations provide no support for this speculation.
Factors associated with signs of extrapyramidal dysfunction in HIV infection include age (Valcour et al. 2008) , history of AIDS (Ramachandran et al. 1997) , and certain antiretroviral medications (Sacktor et al. 2003) . Didanosine, stavudine (Cherry et al. 2006 ; but see Schifitto et al. 2002) , and some protease inhibitors (Crabb 2004 ) are also associated with sensory peripheral neuropathy in HIV infection (Lopez et al. 2004 ). Although metabolic syndrome is another associate of sensory neuropathy (Ances et al. 2009 ), we found no evidence for associations between BMI (as a surrogate of metabolic syndrome) and any brain or behavioral measure. In the present study, patients who were currently taking antiretroviral medications did not have significantly different motor test scores or pontocerebellar volume ratios from those not taking medications. Type of medication, however, was a significant differentiator with respect to tissue volume ratios but not motor performance. In this case, NNRTI medication was associated with smaller pontocerebellar tissue volumes.
Gait and balance problems can be related to, or exacerbated by, HIV-related neuropathy of the peripheral nervous system (cf., Goodkin et al. 2001; Richardson and Hurvitz 1995) , but concurrent lower limb neuropathy does not necessarily account for postural instability (Bauer et al. 2005) . Indeed, pathology in the central nervous system, the cerebellum and pons in particular, is known to be involved in HIV infection (Abe et al. 1996; Anders et al. 1993; Kinzel et al. 2004; Kuchelmeister et al. 1993; Ruiz et al. 1997; Tagliati et al. 1998) . Early studies that identified cerebellar pathology did so in severe and end-stage cases of HIV infection and reported evidence for Purkinje cell damage (Everall et al. 1995) or in cases with focal cerebellar lesions associated with opportunistic infections (e.g., Scatliff et al. 1997; Tagliati et al. 1998 ). Yet, another study found significant degeneration of the cerebellar granular cell layer and axonal swelling in HIV-infected cases free of opportunistic infection (Tagliati et al. 1998) . Following early reports of HIV-positive cases with cerebellar granule cell destruction from polyomavirus JC (Du Pasquier et al. 2003; Otis and Moral 2005) , study of a large series of cases revealed an unexpectedly high incidence of JC virus-infected cerebellar granule cell neurons, suggesting an under-appreciated site of neuropathology in HIV infection (Wuthrich et al. 2009 ). Other mechanisms of infratentorial volume shrinkage that could influence postural stability include axonal injury, which can occur without myelin damage, associated with opportunistic infection (for review, Medana and Esiri 2003) and even central pontine myelinolysis, which, while rare, has been reported in HIV infection (e.g., Miller et al. 1998) .
In vivo studies, too, provide evidence for pontocerebellar involvement in HIV infection. One of the earliest and largest studies used computed tomography (CT) and later MRI to examine 47 patients with AIDS or AIDS-related complex (Flowers et al. 1990 ). In addition to HIV-related infections, relevant findings included visually-detectable focal or diffuse white matter lesions and cerebral, cerebellar, and brainstem atrophy. The pontocerebellar volume deficits of 3-6% in the HIV-infected group relative to the controls we observed herein are consistent with those recently reported by Klunder and colleagues (Klunder et al. 2008) . A phosphorous MR spectroscopic imaging study reported alkaline pH in a larger cerebellar volume of asymptomatic HIV-infected patients relative to controls, interpreted as a precursor of neuronal cell death salient in the cerebellum (Patton et al. 2001) . Based on MRI and proton MR spectroscopy, frontal and cerebellar sites, notably at the pontocerebellar junction, showed the greatest evidence for demyelination in AIDS patients with a clinical diagnosis of progressive multifocal leukoencephalopathy (Chang et al. 1997) . Our previous DTI study of white matter fiber systems (Pfefferbaum et al. 2009 ) failed to identify statistically significant microstructural differences in the HIV-infected relative to the control group in tracts involving the pontocerebellar or cerebellar hemisphere fiber systems but did find evidence for diffusivity abnormalities in the internal and external capsules, suggestive of axonal involvement. Despite the fact that integrity of the pontocerebellar fiber systems did not differ from controls, unlike that of the internal or external capsules, the pontocerebellar fibers predicted postural stability and psychomotor speed in the HIV-infected group. We speculate that these relationships may be indicative of preclinical disruption of the pontocerebellar fiber systems or of relatively intact connectivity to compromised infratentorial motor sites.
In conclusion, HIV-infected individuals specifically recruited to be without complications from clinicallydetectable dementia or alcohol use disorders have pontocerebellar tissue volume deficits with functional ramifications.
Postural stability, finger dexterity and speed, and psychomotor quickness were impaired and attributable, at least in part, to compromised infratentorial brain systems. The condition of the microstructure of pontocerebellar fiber systems also contributed to the motor deficits. Taken together, these brain structure-function relations provide evidence for the selectivity of these infratentorial brain systems in associated functional impairment. The notable postural instability identified should raise awareness of the relevance of advising HIVinfected patients to take safety precautions while engaging in activities of daily living requiring balance.
